Abstract: Bulk samples and thin films of polyamides (PA6 and PA12) were exposed to fluorine (1 -10 vol.-% F 2 in N 2 ) and analysed with photoelectron (XPS) and infrared spectroscopy. Fluorination affects both, the amide and the hydrocarbon parts of the polymers. However, only the carbon atom next to the carbonyl is readily fluorinated. Chemical modification of the amide group is apparent in a large binding energy shift (+5 eV) of the N1s level and the appearance of a νCO band at 1734 cm -1 . It is concluded that the amide C-N bond is cleaved in the fluorination process and that COOH and NF 2 end groups are formed. This conclusion is corroborated by the appearance of ester oxygen in the XPS and by the 19 F NMR spectra of the volatile products that show fluorine signals chemically shifted about 200 ppm towards lower field as compared with the CHF environment.
Introduction
Polymer materials are successfully used in virtually any industry including semiconductor, biomedical, automotive, aerospace, etc. However, though plastics have excellent bulk physical, chemical and weather resistance properties, low surface energy and low wettability of the materials considerably limit their application. Permanent bonding, coating, printing, or the like, on surfaces of many plastics is impossible without some special treatment of the surface. Many different polymer surface modification techniques have been proposed and used to alter polymer surfaces without affecting the bulk properties of the material. Among these are chemical treatments, flame treatments, coronas, low-pressure plasma, UV light and electron beam bombardment, ozone exposure, fluorination and others [1] [2] [3] [4] .
Direct modification of polymer surfaces with fluorine [5] [6] [7] is particularly attractive since it is a simple and fast method that allows the simultaneous treatment of outer and inner surfaces of complex shaped polymer samples. The strong exothermal process can be controlled by lowering pressure (typically in the mbar range) and adjusting fluorine concentration (several vol.-% of F 2 in N 2 ). The fluorination induces large (about a factor of 2) and stable increases in the surface energy of most polymers including polyamides [6] . However, detailed surface analytical studies of the 1 induced chemical changes are largely missing. Nevertheless, it has been recognized in early work [8, 9] that reactions involving F 2 and hydrocarbon polymers have characteristics of free-radical reactions. These reactions are usually accompanied by fragmentation and polymerization. An exception appears to be polyethylene (PE) for which fragmentation was reported not to be a major reaction channel [7, 10] .
To our knowledge, there is no report in the literature on the fluorination of such an important class of polymers as polyamides. In this work we have studied surface modifications of polyamide-6 (poly[imino(1-oxohexamethylene)]) and polyamide-12 (poly[imino(1-oxododecamethylene)]), produced by exposure to gaseous fluorine.
Thereby, photoelectron spectroscopy (XPS) and two different infrared methods, namely reflection-absorption Fourier-transform infrared spectroscopy (RA-FTIRS) and attenuated total reflection Fourier-transform infrared spectroscopy (ATR-FTIRS), were applied to characterise the chemical nature of the modification. NMR analyses of volatile products formed during fluorination were also undertaken to assess further conclusions from the surface analytical experiments.
Experimental part
A well-defined polyamide-6 sample (M w = 41 000, M w /M n = 2.11) was obtained from Polymer Standards Service, Mainz. Polyamide-12 was supplied by EMS-Chemie. Polyamide-6 (PA6) was used either as a bulk sample or in the form of thin films deposited on silicon wafers covered with a layer of aluminium. Immediately before aluminium deposition, polished silicon wafers (20 x 20 x 0.5 mm) were cleaned by dipping into hot concentrated nitric acid, followed by rinsing with triple distilled water, drying with nitrogen, and finally by a 15 min plasma treatment. Aluminium (99.99 grade) was deposited onto the wafers by thermal evaporation in a vacuum chamber at a base pressure of about 10 -6 mbar. The thickness of the Al coating (about 200 nm) was controlled by a quartz microbalance. Contact mode atomic force microscopy (AFM) measurements of the aluminium coating showed a distinct, corn-like surface topography with local depressions and protrusions (Fig. 1A ), in agreement with previous studies [11] . Using the software of the AFM instrument (Discoverer, Topometrix), the area root-mean-square (rms) roughness of the aluminium surface was determined to be 4.6 nm. PA6 films were prepared by spin-coating from solutions in 100% formic acid (Fluka, purity >96%). The Al/Si substrates were mounted on a spin-coater in laboratory atmosphere, fully wetted with the PA6 solution (1 to 4 vol.-%), and after a pause of 3 s accelerated continuously to 6000 rpm. During the rotation time of 60 s the film suddenly changed its colour, indicating the evaporation of the solvent. Film thickness was determined by ellipsometry. Fig. 1B shows an AFM image of a 465 nm thick PA6 2 film produced in this way. The root-mean-square roughness of the film (1.8 nm) is significantly lower than that of the underlying aluminium.
For fluorination, PA6-covered wafers were embedded into fitting Teflon holders that left only the relevant surface of the wafers exposed. The edges of the wafers were then carefully sealed with a resin. In this way unwanted reactions of silicon with fluorine were prevented. Fluorination was performed in a stainless-steel reactor of about 1 m 3 volume. The vessel was pumped out and then filled with a N 2 /F 2 gas mixture (fluorine content in the range of 1 to 10 vol.-%) to adjust the pressure to 1 mbar. Fluorination time was always 180 s. The non-consumed fluorine was then pumped out and chemically bound by CaO or CaCO 3 in special absorbers. Thermal stress on the PA6 polymer films was low because of the highly diluted fluorine and the low pressure. The XPS data were collected on a Surface Science Instruments SSX-100 spectrometer using a monochromatized Al-K α1 source and a hemispherical analyzer at a take-off angle of 45°. The pass energy of the analyzer was 50 eV. An electron flood gun was used for charge compensation (1 V, 0.05 µA). Survey scans over the range of 0 to 1100 eV were taken first on each sample. Thereafter spectra were collected for the 1s peaks of carbon, nitrogen, oxygen and fluorine near 285, 400, 530 and 687 eV, respectively, using a spot size of 250 x 1000 µm. Binding energies were referenced to the CH 2 peak in the C1s region set at 285.0 eV. The spectra were fitted using Gaussian peak shapes with a Lorenzian contribution and Shirley-type background subtraction.
RA-FTIR spectra were recorded with a Magna 550 (Nicolet, USA) instrument equipped with a MCT detector. The infrared spectra were obtained at an incident angle of 70° with respect to the surface normal and at a resolution of 4 cm -1 . For the ATR spectra a ZnSe crystal was used.
NMR analysis concerned the material deposited on the reaction chamber walls during fluorination of PA6. Yellow oily deposit was soluble in dimethyl sulfoxide 3
(DMSO) and D 2 O.
1 H NMR spectra were recorded at 27°C on a Bruker AMX 500 (500 MHz) spectrometer, 19 F NMR spectra on a Bruker WP 80 (75.38 MHz) spectrometer and 13 C NMR spectra on a Bruker AMX 500 (125.8 MHz) spectrometer. INEPT experiments were used to help assign 13 C NMR resonances where necessary. Coupling values J are given in Hz. Chemical shifts are reported using the convention that high-frequency low-field values are more positive (IUPAC δ-scale).
Results and discussion
This part of the paper is organised as follows. First, we consider the infrared and XPS data of the non-fluorinated samples. An analysis of the corresponding data for fluorinated samples follows. Thereby, it is important to keep in mind that infrared measurements probe much larger sample depth (the whole film thickness in the reflection measurements and a micrometer range in the ATR experiments) as compared to XPS (information depth c. 2 to 5 nm). Thus, the two sets of data are complementary with respect to the probing depth. To further exploit this aspect and help identify the surface-related features, the thickness of the PA6 films was varied in the infrared experiments in the range of some 100 nm. Finally, we briefly discuss the information obtained from an NMR analysis of volatile PA6 reaction products available as an oily condensate on the reaction chamber walls. Although the NMR data are only indirectly related to the surface modification of PA6, they provide valuable information with respect to the reaction mechanism of fluorination.
Non-fluorinated polyamides

Infrared measurements
A reflection-absorption infrared spectrum of a 92 nm thick PA-6 film on a Si wafer covered with Al is shown in Fig. 2 . The spectrum is consistent with that previously reported [12] . The strong band at 3307 cm -1 is the N-H stretching vibration. The frequency of the band is known to be sensitive to the strength of intermolecular interactions such hydrogen bonding [13] , so that, e.g., for diluted solutions of methylacetamide the ν(N-H) vibration is observed at 3470 cm -1 [12] . The shoulder at about 3220 cm -1 and the band at 3085 cm -1 are due to a Fermi resonance of the ν(N-H) stretch and a combination band of the so-called amide-I and amide-II modes (see below), respectively [12] . The peaks at 2935 cm -1 and 2851 cm -1 are assigned to CH 2 asymmetric and symmetric stretching, respectively.
The bands at 1649 and 1552 cm -1 are the so-called amide-I and amide-II bands. Because of their constant position and strong intensities they are characteristic of amides. Calculations [12] and experiments [13] indicate that the amide-I band consists mostly of the ν(C=O) (70 -85%) and ν(C-N) (10 -20%) stretches, while the amide-II band involves contributions of the δ(N-H) bend (40 -60%) and the ν(C-N) (20 -40%) and ν(C=O) (10%) stretches. The series of weaker bands below 1500 cm -1 concern δCH 2 (1441 cm -1 ), γCH 2 (1374 cm -1 ), ν(C-C) (1222 cm -1 ) and ν(C-N) (1096 cm -1 ) modes. The band at 710 cm -1 is the δCH 2 rocking vibration.
Essentially the same features are observed also for bulk PA12 (Fig. 3 ). The somewhat different relative intensities are due to differences in chemical composition and packing of the two polymers, as well as the different techniques applied. The difference is likely due to a preferred molecular packing and electron escape depth dependencies. No other elements were observed in the overview spectra of the thin films indicating that the films were continuous. Similar XPS spectra were also obtained for bulk PA6 and PA12 samples. Fluorination of the -(CH 2 ) 5 -chain is evident in Fig. 5 by decreases in the intensities of the CH 2 bands at 2935 and 2851cm -1 and also by the appearance of a broad peak around 1100 cm -1 . The latter concerns the range where the ν(C-F) and ν(N-F) stretches are expected [14, 15] . Thus, e.g., in a study of fluorocarbon films grown by chemical vapour deposition [16] , symmetric and asymmetric νCF 2 stretches were observed at 1155 and 1215 cm -1 , respectively. For polytetrafluoroetylene (Teflon) the ν(C-F) stretches appear at 1152 and 1207 cm -1 [17] . For fluorinated polyethylene these modes were observed in two different studies at 1145 and 1190 cm -1 [18] and at 1165 and 1230 cm -1 [7] . Therefore, the spectra in Fig. 5 clearly demonstrate the fluorination of the aliphatic part of PA6. Importantly, the absence of C-H stretching bands above 3000 cm -1 means that hydrocarbon fragments with olefinic or acetylenic -CH 3 and -CH=CH 2 ends are not formed by fluorination. Chemical conversion of the amide group due to fluorination is also evident in Fig. 5 . Thus, decreases in the intensities of the ν(N-H), amide-I and amide-II bands are observed. At the same time, a new band at 1734 cm -1 appears which increases in intensity with the F 2 doses. The band concerns the ν(C=O) mode of carboxyl or carbonyl species [19] . It is well established that the ν(C=O) frequency shifts with the functional group that bonds directly to the carbon atom [19, 20] . Electron withdrawing substituents cause an electrostatic stabilization of the CO group and a shift of the CO frequency to higher values, while electron-donating substituents destabilise the CO group. Thus, for perfluoroalkyl carboxylic acids the ν(C=O) frequency was observed in different studies in the range of 1730 -1710 cm -1 [16, 21] . The band observed for fluorinated PA6 at 1734 cm -1 (Fig. 5 ) is therefore consistent with a COOH group having a fluorinated carbon atom directly attached to it. This structural model is also consistent with the XPS data discussed below. The infrared features due to fluorination are even more clearly observed at higher fluorine doses. In Fig. 6 the spectra for PA6 and PA12 samples fluorinated at the maximum possible fluorine concentration of 10 vol.-% are shown. From the ATR spectrum of PA12 (upper spectrum) it is clear that the characteristic amide modes (ν(N-H), amide-I and amide-II) are barely observed. Instead, a prominent ν(C=O) band at 1715 cm -1 , corresponding to the one at 1735 cm -1 for PA6, is present. For PA12, in contrast to PA6, an additional band at 1840 cm -1 is also present. It concerns the ν(C=O) stretching of the -C(O)F species [15] and its appearance might be due to a lower inherent water content in PA12 as compared to PA6. This aspect will be discussed further below. Also evident in the spectra of Fig. 6 is the fluorination of the -(CH 2 ) 5 -chain with νCF bands appearing around 1100 cm -1 . Significantly, this is also the region where N-F vibrations are expected. There is no indication of NH 2 groups in the spectra (requires two νNH bands in the 3050 -3200 cm -1 range). Finally, the broad absorption between 3500 and 2800 cm -1 is assigned to hydroxyl species. Together with the PA6 spectrum in Fig. 6 (lower spectrum), the infrared data clearly demonstrate that the amide group is involved in fluorination reactions and that new functionalities such as COOH are formed. 8 
XPS measurements
Detailed spectra of a fluorinated and untreated PA6 film in the F1s, N1s, O1s and C1s regions are presented in Fig. 7 . The lower F1s spectrum in Fig. 7 shows a strong and relatively broad fluorine signal (2.22 eV full-width-half-maximum, as compared to about 1.3 eV for N1s and O1s). Also, the observed peak binding energy at 687.0 eV is low as compared to the values around 689 -688 eV, which are typical of simple fluorocarbon compounds [22] . All this is indicative of the contributions of different fluorine species to the spectrum.
The N1s binding energy for an untreated PA6 film is observed at 399.8 eV. As previous studies have shown [23, 24] , this value is typical of amides. After the PA6 film has been fluorinated, a new nitrogen species appears in the spectrum with a very large (+5 eV) chemical shift (lower N1s spectrum in Fig. 7) . A further peak with a smaller chemical shift (+2 eV) also emerges. These two nitrogen signals represent about one third of the nitrogen atoms probed. The large (+5 eV) shift of the N1s binding energy means a significant depletion of the electron density at nitrogen. Only strong electron withdrawing substituents like fluorine or oxygen directly attached to nitrogen can cause such a large shift. For example, for oxidized nitrogen functions, the following binding energies were observed: -NO (403 eV [25] ), -NO 2 (405.6 eV [26] ) and -ONO (404 -405 eV [25] We turn now to the oxygen 1s signal. In Fig. 7 it is apparent that two O(1s) peaks (at 533.4 and 531.8 eV) are present after fluorination. They have nearly equal intensities and from a comparison of the two spectra in Fig. 7 it is clear that new oxygen species are incorporated into the polymer during fluorination.
In previous studies O1s binding energies for C=O groups were reported to be in the range of 531.5 -532.2 eV [28] [29] [30] . Thus, in simple esters (i.e., polyacrylates and methacrylates) the single and double bonded oxygens exhibit a substantial shift (about 1.5 eV) and the experimental [28, 30] and theoretical data [29] unambiguously assign the lower binding energy compound as arising from the double bonded oxygen. In particular, ester and carbonate oxygens in polycarbonate -(O-CO-O) nwere observed at 534.2 and 532.7 eV, respectively, with an intensity ratio of 2:1 [28, 30] . In poly(isopropyl acrylate) the ester and the carbonyl O1s signals appear at 534.3 and 532.8 eV, respectively [31] . On this basis the two oxygen peaks observed for fluorinated PA6 are assigned to a COOH group formed during fluorination, presumable due to residual O 2 traces, which cannot be completely avoided under practical fluorination conditions.
Considering the C1s spectra in Fig. 7 , we note first that the short-range nature of substituent effects leads to additive rules by C1s shifts [32] . Thus, the characteristic C(1s) shift for carbon atoms single bonded to oxygen (alcohols, ethers, esters) is about 1.6 eV. For carbons single bonded to 2 oxygens the shift is about 2.8 eV, approximately twice the effect of a single substituent. For carbon double bonded to oxygen in simple carbonyl compounds the shift is about 2.6 eV [33] . In going from a carbonyl to a carboxylate group, the change in the binding energy associated with the additional oxygen single bonded to carbon is about 1.4 eV giving a total shift of about 4 eV [33] . Also, it is known that the shift arising from replacing a carbon by nitrogen directly attached to the atom under consideration is about 1 eV [34] . The C1s region of a non-fluorinated film (Fig. 7 , upper spectrum) can be fitted to resolve three peaks. The lowest binding energy peak at 285.0 eV concerns the CH 2 chain and serves as an internal energy standard. The peak at 288.0 eV pertains to the carbonyl carbon atom. The remaining C1s peak at about 286.0 eV is likely due to the carbon atom directly attached to the nitrogen atom. For the fluorinated film in Fig. 7 (lower spectrum), one observes in the C1s spectrum a decrease in the intensity of the CH 2 peak at 285.0 eV and a broad feature extending up to about 292 eV on the higher energy side. Clearly, a number of peaks contribute to this region and their exact positions are difficult to determine exactly by fitting. Nevertheless, a number of conclusions can be drawn from the spectrum. It is known that the binding energies of CF x species lay above about 288 eV. In a series of fluorocarbon compounds the following C1s binding energies were observed: -CF 3 (294.3 eV), -CF 2 -(292.0 eV), -CHF-(290.4 eV) and -CH 2 -(285.4 eV) [35] [36] [37] . On this basis, the formation of -CF 3 species can be excluded from the spectra in Fig. 7 . Also, the contribution of the -CF 2 -species to the carbon spectra amounts to only about 3 -4%, -CHF-being the major species (≈ 9%) formed. The degree of fluorination of the aliphatic chain of PA6 can now be considered. An estimate can be obtained as follows. Before fluorination, the four CH 2 carbon atoms at the binding energy of 285.0 eV contribute about 70% to the total C1s intensity (upper spectrum in Fig. 7 ). This is in a good agreement with the value of 67% expected on the basis of the chemical formula. After the fluorination the relative intensity of the 285.0 eV peak decreases to about 48%. This corresponds roughly to three CH 2 carbon atoms per monomer unit that are not affected by fluorination, either directly through bonding to fluorine or indirectly [35] through the substituent effects. Implicit here is that only one CH 2 carbon atom is directly fluorinated, with one further neighbouring carbon atom being affected. The remaining carbon concerns then the carbonyl group. Interestingly, in an XPS study of polyethylene fluorination [7] , carried out under conditions similar to this study, also only a low fluorination degree could be achieved with about 25% of all hydrogen atoms of polyethylene being replaced by fluorine.
In a brief conclusion, the above infrared and XPS data demonstrate that major chemical reactions are induced by fluorine at the amide group. This leads to the formation of carboxyl and -NF 2 groups. The conclusion with respect to COOH is based on the observation of the infrared band at 1734 cm -1 , as well as ester oxygen in the XPS spectra. On the other hand, the formation of the -NF 2 group is supported by the N1s signal with a rather large (+5 eV) binding energy shift and by the NMR data presented below. As Fig. 8 shows, the intensity of the N1s peak at about 405 eV correlates with the fluorine doses: as the fluorine dose increases by about a factor of 2 the intensity of the N1s peak almost doubles. The above conclusions are further corroborated by an NMR analysis of the volatile reaction products formed during the fluorination of PA6 (Fig. 9) . Although we do not want to overemphasise the NMR data since they are only indirectly related to the surface modifications of polyamides, they are, nevertheless, expected to provide important clues to the reaction mechanism. Fig. 9 . 19 F NMR spectra of the same sample in DMSO. The multiple splitting in the high field part of the spectrum (upper spectrum) can be explained by a structure of the type -CH 2 -CHF-COOH (see text) with geminal hydrogen coupling of 2 J = 48.6 Hz and two free-bond couplings to the hydrogen atoms on the neighbouring carbon of 3 J = 26.7 Hz. The low field part of the 19 F spectrum (lower spectrum) shows signals of two different fluorine atoms. The large splitting (581.6 Hz) implies that the two fluorine atoms are attached to the same nitrogen atom
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The 1 H, 13 C and 19 F NMR analyses of the condensed volatile reaction products revealed two major compounds of similar structures, each with a chain of 6 carbon atoms terminated with electronegative groups. Already this fact points to a reaction mechanism whereby cleavage of the N-C bonds, either at the amide group or to the -(CH 2 ) 5 -chain, takes place. Only one of the compounds contains a fluorinated carbon atom. Its position was determined unambiguously from the 13 C spectra as the carbon atom next to carbonyl: X-(CH 2 ) 4 -CHF-COOH. This is also evident in the 19 F spectrum (upper spectrum of Fig. 9 ) that shows the splitting of the fluorine signal due to geminal -CHF-hydrogen (48.6 Hz) and two hydrogen atoms on the neighbouring CH 2 unit (26.7 Hz). The chemical shift of -190 ppm is typical of fluorocarbons [38] . A rather important aspect of the spectra is the observation of the fluorine signals at lower fields around +31 and +16 ppm (Fig. 9, lower spectrum) . The large shift towards lower fields with respect to the -CHF-signal implies a reduction in the electron density at fluorine, which cannot be accounted for by bonding to carbon. Unfortunately, to the best of our knowledge, there is no 19 F data published concerning fluorine directly bonded to nitrogen. However, considering that nitrogen is more electronegative than carbon (C 2.55; N 3.04), the observed chemical shift might be explained by fluorine bonding to nitrogen. Furthermore, the same and rather large splitting (581.6 Hz) of the two doublets means that the two fluorine atoms are geminal, i.e., they are bonded to the same nitrogen atom.
Reaction mechanism
The carbon species at around 288 eV binding energy and the nitrogen ones at 404.5 eV (Fig. 7 ) are likely to be formed by free radical reactions. Early electron spin resonance (ESR) studies [4] point to the fluorination mechanism whereby the free radical reactions involving the hydrocarbon chain, either (1a) 
to form -CHF-species within the chain. The above reactions are unique to fluorine and consistent with the low bond dissociation energy of fluorine (155 kJ/mol) and the high hydrogen-fluorine bond energy (565 kJ/mol). The occurrence of reaction (1b) may be attributed to the high order of electrophilic reactivity shown by fluorine and a favourable energy relationship for the one-electron type process. The large negative enthalpy changes in the reactions 1a (∆H = -143 kJ/mol) and 1b (∆H = -286 kJ/mol) ensure then an efficient propagation of the reaction. It appears that the radical initiation reactions 1a and 1b are particularly effective at the carbon atom next to carbonyl, presumable due to the electron withdrawing nature of the C=O group [19] . Conversely, once formed, the -CHF-species might destabilise the amide group next to it and stipulate the reaction of fluorine with it resulting in cleavage of the C-N bond and formation of the -C(O)F and F 2 N-end groups. Thereby the large nitrogen-fluorine bond energy (278 kJ/mol) is favourable. Since the -C(O)F group is reactive and hydrolyses [15] , intrinsic traces of water within the polymers (few vol.-% for polyamides) and exposure to air result finally in its conversion into the -COOH group. Since the intrinsic water content within PA12 is known to be significantly lower than in the case of PA6, the 1840 cm -1 band of the -C(O)F group is observed in the case of PA12 (Fig. 6) but not for PA6.
Although the details of the above proposed reaction mechanism are presently speculative and further dynamic studies are necessary to disentangle its details, XPS and infrared data presented above demonstrate unambiguously that the amide group of the polyamides is involved in major chemical reactions during fluorination, leading to the formation of polar functionalities such as -COOH over a depth of at least a few hundred nm, i.e., of the order of the film thickness used in this study.
